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Abstract

The electromagnetic particle-in-cell (PIC) code VOR-
PAL is being used to simulate the interaction of microwavi
radiation through an electron cloud. The results so far sha
good agreement with theory for simple cases. The stuc
has been motivated by previous experimental work on th
problem at the CERN SPS [1], experiments at the PEP-
Low Energy Ring (LER) at SLAC [4], and proposed ex-
periments at the Fermilab Main Injector (MI). With exper-
imental observation of quantities such as amplitude, pha
and spectrum of the output microwave radiation and wit|
support from simulations for different cloud densities ant ¥
applied magnetic fields, this technique can prove to be ..+ "=
useful probe for assessing the presence as well as the d >
sity of electron clouds.

INTRODUCTION

This paper shows some preliminary results of work ir
progress for a planned exhaustive study on the physical
processes involved with the transmission of microwavesigure 1: A schematic of the simulation process. The mi-
through a beam channel containing electron clouds. Sugrowave source is placed a small length away from the left
cessful experimental observation of the physical phenonfoundary.
ena would serve as a very useful probe for detecting elec-
tron clouds and their properties at different locations of a ) . ) N
beam channel. Given the complexity of the problem, angented here, wh|ch are dong for idealized conditions show
in order to be able to correlate the properties of the electrd#P0d agreement with analytic results.
distribution with the expected experimental observations, T0 simulate the physical process, we use the electromag-
a good understanding of the problem through simulatiorizetic particle-in-cell code VORPAL [2]. For the sake of
and theoretical analysis is necessary. simplicity, and as an initial part of the study, we use a chan-
Experimental results conducted at the SPS have beBg! with a square cross-section. The transverse boundaries
reported [1]’ and some pre”minary experimenta| investiare CondUCting and boundaries along the |Ongitudinal direc-
gation has also been conducted at the PEP Il low ener§¢n consist of phase matched layers (PML) which cause
ring [4]. Further experiments need to be conducted in ordéfe wave to decay and be absorbed, thus preventing any
to measure an expected “phase shift” caused by the e|ect@ﬂectiqn in that direction. Figure lisa SnapShOt of the
clouds on the microwave after it has propagated througimulation process.
the beam channel. At the same time more features need

to be added into the simulation for a better representation DISCUSSION OF THE DISPERSION

of the experimental conditions. While it is clear that more
progress is required in the experimental and simulation ef- RELATION AND THE RESULTING

forts, we can already report that results obtained so far at PHASE SHIFT

PEP 1l do not violate any theoretical result that is based on Th thod for deriving th di . lati
the analysis in this paper. Further, simulation results pre- € method for deriving the wave dispersion relation-

ship has been described in Ref. [3]. The derivation in-
*Work supported by the U.S. DOE under Contracts DE-Volves a perturbation about an equilibrium configuration of
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frequency spectrum remains invariant. phase shift for different frequencies
For a cold, homogeneous electron distribution that con " [T | ' ' ' ‘ ‘ '

pletely fills the beam channel and with no external mag

netic field, the wave dispersion relationship for a TE mod -,
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is relatively simple and given by ESon iz
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Over herek is the wave number; the speed of lightw

is the wave frequencyy, is the plasma frequency ang

is the cutoff frequency of the waveguide. The plasma fre
guencyw, is given by
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€0Me Figure 2: Plots of phase shift per unit length for different
electron densities with, = 2 GHz.
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wheren, is the electron number density,is the electron
chargeg is the free space permittivity and, is the elec-

tron mass. Table 1: Simulation parameters

If we assume the wave to propagate over a distaxnte
then the phase advance of the wave is giverkiy.. It dimensionsg x y x z 7.5 % 7.5 x50cm
is clear from Eqg. 1 that the phase advance of the wave de- no. of grid cellsx x y x 2 16 x 16 x 32
pends upon the plasma frequency, a property of the electron time of propagation 7x10"8s
distribution. If we linearize Eq. 1 about smal), and com- number of time steps 7560
pute the difference between the phase advance with and TE,;; mode cutoff frequency 2 GHz
without electrons, respectively, over a lengiti,, we ob- microwave frequency 3 GHz
tain

AD w?

AL 2c(w? — w?2)1/2 ®)

This is the so called “phase shift” per unit length.
Figure 2 shows plots of the phase shift per unit lengti~. ™’ q dina th bl
against frequency for different electron densities. The elefOINt N understanding the problem.

tron densities used here are = 1 x 102, 2 x 10'2,
4 x 10'2 and7 x 10'2 and the corresponding plasma fre- SIMULATION RESULTS AND
guencies are 8.9, 12.7, 18.0 and 23.8 MHz respectively. CALCULATION OF PHASE SHIFT
The cutoff frequency of the waveguide is 2 GHz. It should
be noted that Eq. 1 is linearized about sma)| so one In this section, we present the simulation results obtained
must take higher order terms whenapproaches a value from the electromagnetic particle-in-cell code VORPAL.
very close tav.. The plots give an indication of what an The system consists of a channel with a square cross sec-
optimum value of the microwave frequency should be ition. The electron distribution fills up the whole channel
order to determine the electron density. Higher frequencied is initially uniform and cold. Other parameters used in
lead to a lower variation in phase shift with density. At théhe simulation are given in Table 1.
same time, one cannot approach very close to the cutoff Figure 3 shows that there is no attenuation in the ampli-
while performing the experiment and yet expect the signaiide of the wave that was propagated. Although the length
to be detectable. In this case, we expect that a microwaeé propagation in the simulation (0.5 m) is much less than
frequency of 3 GHz is reasonable. what it would be in an experiment (20-30 m), a careful
The analytic results in this section provide a good unanalysis of the data still shows that one would expect no at-
derstanding of the problem, but one must take into accout&nuation even if the simulation was carried out for a more
that they are valid under certain idealized conditions. Faealistic length. The electron density was = 2 x 102
example, the formulation above assumes a cold, homogex3. This is higher that what one would expect in a real
neous electron distribution with no external magnetic fieldaccelerator. Thus, we see that the linear approximation,
Further, the electron equation of motion is linearized in avhich become more valid with decreasing electron densi-
quasi-equilibrium regime. One must also take into accouities, still holds.
the periodic passage of the beam and a spatial and temporaFigure 4 shows the logarithm of the frequency spectrum
variation in the electron density. In particle-in-cell simula-at the beginning, middle and end of the simulation length.
tion, these approximations may be relaxed. In the next selt-is clear that there is no shift or spread in the wave fre-
tion we shall show through simulations that real acceleratguency due to the electrons. The electron density was still

conditions fall into a regime where many of the above as-
rs‘umptions hold, and so the analytic result is a good starting
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trons. This is then repeated for a known density of elec-
Figure 3: Wave amplitude vs. time at the beginning, middi&ons. The oscillation of the electric field at the end of the
and end of simulation length. channel is recorded for both cases and their amplitudes nor-
malized. The difference of the two normalized oscillations
with differing initial phasesg, and¢, respectively, gives
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—60f (At E equal to the phase shift.

—EuE — —— . — . Figure 5 shows the theoretical as well as computed phase
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shifts for two values of frequencies. It may be noted that
the approximations made in deriving the analytic result be-

20F E come more valid with decreasing electron density. Most

—oob ' E values of electron densities used in the computation are

_4pE J--.w,‘f” l'r'ru o E well above those occurring in real machines. Despite this,

-0 IR ——— 3 the computational results compare very well with the ana-

—E0E . . —— " — Iytic ones and also show that the two results get closer with
0 2x10° 4x10 610 8510 110

decreased electron density. The results are shown for two

) . . values of microwave frequencies and the cutoff frequency
Figure 4: Logarithm of frequency spectrum at the beging 45 2 GHz for both the cases.
ning, middle and end of simulation length.

SUMMARY

n. = 2 x 10'> m=2. The absence of any amplitude at- e have been able to perform simulations of the propa-
tenuation or frequency broadening due to the electrons aggtion of microwaves through electron clouds. A formula-
consistent with observations from experiments carried otjon that predicts the phase shift due to the electrons con-
at the PEP Il LER. These observations are to be finaliz&thed within the finite boundaries of a beam pipe has been
and reported in a future publication [5]. presented. Calculations have shown that the simulation and
We now proceed to show that despite the absence of aapalytic results agree very well with each other. These cal-
change in amplitude and frequency, there is an observaldalations included a regime that exceeded realistic values



of electron cloud densities, thus showing that real machine DISCLAIMER

conditions fall when within the domain in which linear the- This d i d t of work
ory is valid. This is an update on work in progress and IS document was preépared as an account orwork spon-

we intent to include more physical features into the simulas-ored. by the United Sta‘?s Goverl"!ment. Wh'le th_|s HoCUS
ent is believed to contain correct information, neither the

tion and the analytic models in the future. Notable among ™.
them would be the effect of the periodic passage of a bea _mted States Government nor any agency thereof, nor The
egents of the University of California, nor any of their

Given the relativistic mass of the beam patrticles, it is clear | K ; implied
that the beam would not contribute to the dispersion relg PIOYEES, MAKES any warranty, EXpress or Implied, or as-

tion in the form of a plasma. However, the beam providegumes any legal responsib?lity for the accuracy, complete-
a time varying electric field and the extent of such an effed{®SS: OF usefulness of any information, apparatus, produgt,
on the dispersion relation still needs to be estimated. T i process disclosed, orrepresents thatits use would notin-
geometry of the cross section will become important in th nge privately owned rights. Reference herein to any spe-

presence of a beam and so we need to move to more re |F_|c commercial product, process, or service by its trade

istic geometries. The influence of external magnetic fieldfd2me: trademark, manufacturer, or otherwise, does not nec-

also needs to be investigated. A dipole magnetic field préa_ssarlly constitute or imply its endorsement, recommenda-

vides an anisotropic medium. This would lead to differing}'on' or favoring by the United States Government or any

dispersion relations in the horizontal and vertical Compo?gepcy_rtrf:ergof, or Tdhe F_eggentsfof iue University cc)jfr?a“f
nents of the wave. As a result of this, one could in princi-omla' € VIEws and opinions otauthors expressed herein

ple detect the properties of electron clouds within dipoleg;o not necessarily state or reflect those of the United States
by studying the rotation of the plane of polarization of th overnment or any agency thereof, or The Regents of the

microwave caused by this anisotropic medium. It shouﬁi’mvers'ty of California. .

also be noted that electron cloud densities will have a spa- Ernest Orlando La_vvrence Berkeley National Laboratory
tial as well as a temporal variation and the effect of includ® 2" equal opportunity employer.

ing this into the calculation needs to be studied. The PIC

code VORPAL is well equipped to include all the above

mentioned modifications. By conducting simulations that

more closely represent parameters specific to existing ma-

chines we intend to provide a guidance to the experimental

efforts in the study of this proposed electron cloud detec-

tion method.
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